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I. INTRODUCTION
Since most astrophysical environments evolve on a time scale that is far too slow to allow observation of changes, their dynamics are studied with the use of modeling. Such models are dependent on the incorporation of reliable experimental data. In this article, we report on the results of a series of experiments using ultrahigh vacuum ͑UHV͒ surface science techniques to investigate nonthermal desorption mechanisms of relevance to interstellar grains in molecular clouds within the interstellar medium ͑ISM͒. Processes occurring on the surfaces of such grains are now widely viewed as playing a crucial role in the surprisingly rich chemistry of these environments, where, ultimately, gravitational collapse leads to star formation. 1 For example, the synthesis of the most abundant interstellar molecule, H 2 , for which there are no efficient gas phase routes, has been thought for many years to be efficient on the surfaces of such grains. 2, 3 Infrared observations have revealed icy mantles composed primarily of H 2 O ice, along with a range of other simple species, which form around a carbonaceous material or silicate mineral grain core. 4 The past two decades have seen extensive experimental and theoretical efforts aimed at understanding the nature of these mantles and the mechanisms for the formation of the range of species found both within interstellar ices and in the gas phase of dense interstellar regions. While the heterogeneous and poorly understood nature of such surfaces is experimentally inconvenient, and the application of results still requires many assumptions and simplifications; the experimental data, such as those that can be provided by a surface science laboratory, remain immensely significant in astrophysics. Desorption from grain mantles provides the necessary mechanism by which species formed in the condensed phase can reach the gas phase. Thermal desorption, which occurs gradually as a result of gravitational heating during cloud collapse, has been studied experimentally through temperature programed desorption experiments. [5] [6] [7] [8] [9] The kinetic parameters derived from such experiments can be applied in astrochemical models with astrophysically relevant heating rates of 0.1-1 K/century. In cold regions, however, thermal desorption cannot account for the gas phase abundance of many species including H 2 O. 10, 11 Given the lack of efficient gas phase formation routes for H 2 O, nonthermal desorption mechanisms are frequently invoked to provide the necessary desorption efficiency.
Photon-stimulated desorption ͑PSD͒ under astrophysically relevant conditions has received little attention until recently. The photon absorption cross section for H 2 O ice is negligible for wavelengths longer than 170 nm. 12 As a result, the experiments performed have utilized relatively short UV wavelengths centered around that of Lyman-␣ radiation and have demonstrated the desorption of H 2 O molecules. [13] [14] [15] [16] The mechanisms for desorption at these wavelengths have been discussed at length, with time-of-flight ͑ToF͒ measurements indicating the desorption of intact H 2 O molecules and photoproducts with significant translational energies. [17] [18] [19] Lyman-␣ radiation, which results from the recombination of electrons and protons produced by cosmic ray ionization, is thought to dominate photon-stimulated processes deep within molecular clouds where the interstellar radiation field ͑ISRF͒ is strongly attenuated. 20 Attenuation is generally reported in terms of the extinction coefficient A v , which reflects the reduction in photon flux in the visible region as a result of absorption and scattering. UV photons with energies close to Lyman-␣ are also generated during the fluorescence of H 2 molecules excited through collisions with cosmic ray particles. 21 At the edges of clouds, and within more diffuse regions, the ISRF is likely to have an important impact on the observed desorption rate. 22 In the experiments described here, we use photons with a wavelength of around 250 nm to represent the interstellar radiation field. We have shown previously that the presence of C 6 H 6 can lead to significant H 2 O desorption at these longer wavelengths. 23, 24 In this article, we aim to quantify the efficiency of this process by obtaining the relevant H 2 O desorption cross section.
The low energy electron irradiation of H 2 O ice films has also been studied extensively. Experiments have generally focused on the desorption of ionic and neutral dissociation products including H − , 25 H, and O. 26 The formation of H 2 ͑Ref. 27͒ and O 2 , 28 enhanced by trapping within a porous ice matrix, 29 has also been observed. Intact H 2 O molecules 30 and protonated H 2 O clusters 31 are also known to desorb during electron irradiation. These studies have focused on the nature of the products formed during irradiation, the dynamics of desorbing species, and the electron energy dependence of product yields in the threshold region. Here we report cross sections for the desorption of H 2 O as a result of the low energy electron irradiation of pure amorphous solid water ͑ASW͒. We demonstrate that electron-stimulated processes are likely to play an important role in the desorption of H 2 O ice deep within dense clouds, where low energy secondary electrons exist as a result of ionization during the passage of cosmic rays through the ice. The results presented here suggest that this process may be at least as, if not more, important than that induced by Lyman-␣ photons.
The icy mantle around interstellar grains is represented very simply in these experiments. C 6 H 6 has been used as a model for complex molecules within ice mantles, particularly polycyclic aromatic hydrocarbons ͑PAHs͒, which are now widely accepted as being present in many astrophysical environments 32 and account for up to 20% of the carbon in the galaxy. 33 ,34 C 6 H 6 , rather than larger PAHs, was used here primarily for the experimental convenience that results from its relatively high vapor pressure. Nonthermal desorption kinetics for H 2 O following irradiation with low energy electrons in the range of 100-300 eV and as a result of photon absorption by C 6 H 6 are presented. Simple kinetic models are developed, with reference to previous studies existing in literature, to highlight the relative efficiencies of the different desorption mechanisms probed in this and previous studies.
II. EXPERIMENT
The experiments described in this article were conducted in two UHV chambers. A base pressure of 1 ϫ 10 −10 mbar was readily achievable in both systems. Photon-irradiation experiments were performed in an UHV system, which has been described previously, 24 in the Central Laser Facility ͑CLF͒ at the Rutherford Appleton Laboratories ͑RAL͒. The experimental procedures were as described for our previously reported ToF measurements. Briefly, multilayer films of C 6 H 6 and H 2 O were deposited on a sapphire substrate maintained at a temperature of ϳ80 K by backfilling the chamber to a pressure of 4 ϫ 10 −7 mbar for 500 s. Literature values for the densities of C 6 H 6 ͑Ref. 35͒ and compact amorphous solid water ͑cASW͒ ͑Ref. 36͒ indicate film thicknesses for the two species of 7 and 21 nm, respectively, assuming a sticking probability of unity. Layered systems of benzene ͑B͒ and water ͑W͒ on the sapphire substrate ͑denoted by S͒ were used throughout the experiments and are denoted as follows: water alone ͑S/W͒; sequential adsorption of benzene, followed by water ͑S/B/W͒; and sequential adsorption of water then benzene ͑S/W/B͒. The PSD signals reported in the current study and the previously reported ToF profiles were recorded simultaneously.
Films were irradiated with the frequency-doubled output of a Nd 3+ : YAG ͑YAG denotes yttrium aluminum garnet͒ pumped dye laser. A repetition rate of 10 Hz was used throughout. The UV beam obtained was incident at 45°to the surface normal and focused to a spot having an area of ϳ0.5 mm 2 . Pulse energies of 1.1 and 1.8 mJ, corresponding to irradiances of 360 and 220 mJ cm −2 pulse −1 , were used, with a typical pulse-to-pulse variation of Ϯ10%. Three irradiation wavelengths were employed in these experiments. 250.0 nm was used as the "on-resonance" wavelength, tuned to one of the components of the B 2u ← A 1g band of C 6 H 6 , which is a vibronically allowed → ‫ء‬ transition. 248.8 nm was used as a "near-resonance" wavelength, being situated at a local minimum in the absorption cross section of C 6 H 6 , while 275.0 nm was used as an "off-resonance" reference wavelength. These wavelengths were selected with reference to the recently obtained vacuum ultraviolet absorption spectra of condensed C 6 H 6 . 37 It was not possible to use the higher pulse energy at 275.0 nm as a result of the accumulation of optical damage to the beam steering mirrors.
Photon-stimulated desorption traces were obtained with a quadrupole mass spectrometer ͑QMS͒ positioned in direct line-of-sight of the sapphire substrate. The line-of-sight was defined by a liquid nitrogen cooled Cu tube, designed to constrain detection to molecules desorbing from the substrate of interest. Data were acquired for, typically, 20 s of irradiation by which time the desorption rate had dropped below the detection limit. The data were averaged over 30 laser spots, forming a grid across the substrate, to increase the signal quality.
Low-energy electron irradiation experiments were performed using a second UHV system at Heriot-Watt University. 38, 39 The substrate was an amorphous SiO 2 film with a thickness of ϳ200 nm deposited onto a polished stainless steel disk by electron beam evaporation. We have developed this substrate, which has been characterized elsewhere, 39 as a simple interstellar grain mimic representing the silicate grain population. While this substrate is different to that used in the photon-irradiation experiments, the ice film thicknesses used in these experiments are sufficiently thick that substrate effects can be considered to be negligible. Therefore, in both the PSD and electron-stimulated desorption ͑ESD͒ experiments presented here, it is the bulk ice processes that are examined. The substrate reached a base temperature of ϳ115 K using a liquid nitrogen cryostat. cASW films were deposited using an effusive molecular beam with a flux of ͑3.4Ϯ 1͒ ϫ 10 17 molecules m −2 s −1 and spatial dimensions sufficient to fill the surface area of the substrate. Beam exposures of 2000 s were used, corresponding to a cASW film thickness of ϳ16 nm, comparable to that used in the photon-irradiation experiments. C 6 H 6 films were deposited using the backfilling procedure described above, with exposures reported in Langmuir units ͑1 L =10 −6 torr s͒. In all cases, the C 6 H 6 films were grown on top of a predeposited cASW film.
The deposited films were irradiated with a low energy electron beam produced using a dedicated electron gun ͑Kimball Physics, Inc.; ELG-2͒ mounted such that the beam was incident at around 45°to the surface normal. Electron energies of between 200 and 350 eV, with an energy spread of 0.5 eV, were obtained with the sample grounded through a picoammeter for beam current measurements. No significant differences in the beam current were observed between measurements made during the irradiation of the SiO 2 surface and the uncoated rear surface of the disc. Continuous beam irradiation with a beam current in the range of 100-200 nA, corresponding to electron fluxes of ͑0.6-1.2͒ ϫ 10 14 electrons cm −2 s −1 , was used throughout, with no evidence for effects that could be attributed to charging.
The desorption of C 6 H 6 and H 2 O was monitored using reflection-absorption infrared spectroscopy ͑RAIRS͒ measurements. RAIR spectra were obtained with a Fouriertransform infrared spectrometer interfaced to an external mercury cadmium telluride detector, with the IR beam being reflected of the surface at an angle of ϳ84°to the surface normal. Spectra were acquired with a resolution of 2 cm −1 and the coaddition of 1024 scans. The same initial film could be used for a complete experiment by obtaining a sample spectrum prior to irradiation and after successive periods of irradiation.
On both systems, the analytical grade C 6 H 6 ͑Fluka͒ and de-ionized H 2 O used in the experiments were purified by multiple freeze-thaw cycles under vacuum to remove dissolved contaminants. Figure 1 shows H 2 O PSD traces for the S/B/W system obtained with irradiation wavelengths of 250.0 and 248.8 nm and a pulse energy of 1.8 mJ. Similar traces were obtained, with a significantly smaller signal-to-noise ratio for a pulse energy of 1.1 mJ. No H 2 O desorption was observed for an irradiation wavelength of 275.0 nm and a pulse energy of 1.1 mJ, where the absorption cross sections of both C 6 H 6 and H 2 O are negligible. Similarly, no significant H 2 O desorption was observed when no C 6 H 6 was present, confirming the presence of an indirect-adsorbate-mediated processes. The S/B/W layer configuration displayed here showed a slightly larger desorption signal than the S/W/B configuration. The displayed traces were averaged from those obtained from the 30 irradiation spots across the substrate to improve the signal to noise ratio. The PSD intensity is greater at 250.0 nm, consistent with the previously reported ToF data, which demonstrated enhanced H 2 O desorption at this wavelength, which is on resonance with the specified C 6 H 6 transition. This observed increase in desorption signal intensity for 250.0 nm is consistent with the higher photon absorption cross section at this wavelength. Desorption cross sections were obtained by fitting the experimental PSD traces with the following functional form:
III. RESULTS

A. Photon-stimulated desorption
where I͑t͒ is the PSD signal at time t, is the desorption cross section, is the photon flux, and I ϱ is the signal at infinite time. The photon fluxes were determined for each wavelength from the irradiance associated with the measured pulse energy. For irradiation wavelengths of 250.0 and 248.8 23 is attributed to the QMS essentially displaying a bias toward more rapid desorption when working close to the detection limit, as is the case here. The photon order was estimated by considering the desorption yields obtained at the two pulse energies. The increase in desorption yield with photon flux is consistent with a photon order of one, although a full set of flux dependence measurements would be required to confirm this.
B. Electron-stimulated desorption
Electron-stimulated desorption experiments were performed using both a thick film of H 2 O with no C 6 H 6 present and a cASW film of the same thickness with a thin ͑approxi-mately 1 ML͒ film of C 6 H 6 adsorbed on top. Electron energies in the range of 200-300 eV were used. No differences between the H 2 O loss rates from these two systems were observed. This indicates that desorption occurs as a direct result of the interaction between electrons and H 2 O molecules and that C 6 H 6 is not involved in the H 2 O desorption in this instance. The RAIRS technique employed in these experiments allows only the determination of the total loss of H 2 O on the surface and so includes contributions from both desorption and reactive losses. Figure 2 shows a typical sequence of RAIR spectra, for the O-H stretch region, obtained during the irradiation of the H 2 O film with 250 eV electrons. The RAIR spectra are in agreement with the previous infrared investigations of ASW films. 40 The exponential decay of this band, indicative of total H 2 O loss, is shown in the inset. The decay was fitted with the function described
, and ͑10.2Ϯ 3͒ ϫ 10 −18 cm 2 for electron energies of 200, 250, and 300 eV, respectively. While further investigations at a larger number of electron energies are certainly warranted, the results presented here suggest a monotonic increase in cross section with increasing electron energy.
IV. DISCUSSION
The ESD data presented here indicate a monotonic increase in H 2 O desorption cross section. It is important to recognize that an incident electron may lead to multiple ionization events within the ice, and ultimately an increased rate of desorption. More energetic electrons will therefore result in an increased ionization rate, consistent with the observed trend. However, in order to understand the obtained values for the PSD cross sections, it is necessary to consider the mechanism by which photon absorption by C 6 H 6 molecules leads to H 2 O desorption.
The photon-irradiation results reported here were obtained during the same experiments as our recently published studies of the dynamics of photodesorbed C 6 H 6 and H 2 O. 23, 24 Previously, three distinct desorption mechanisms were distinguished: the direct adsorbate-mediated desorption of C 6 H 6 , the indirect-adsorbate-mediated desorption of H 2 O, and the substrate-mediated desorption of both C 6 H 6 and H 2 O. The small substrate-mediated desorption component observed was consistent with the small absorption coefficient of sapphire which varies little across the wavelength range studied. 41 Adsorbate-mediated H 2 O desorption was only observed when C 6 H 6 was present, consistent with H 2 O having a negligible photon absorption cross section at these wavelengths. The unimolecular decomposition of a surface bound C 6 H 6¯͑ H 2 O͒ n cluster, where n is approximately 6-7, was shown to be consistent with the observed ToF profiles. Here we have focused solely on the nonthermal desorption kinetics of H 2 O, in particular, the S/B/W system which produced the largest yield of H 2 O.
While the photon absorption cross section alone, which is greater at 250.0 nm, determines the overall intensity of the desorption signal, the desorption cross section depends intimately on the desorption mechanism, in this case the unimolecular decomposition discussed previously. Given that photons are absorbed by C 6 H 6 molecules, it is useful to consider the electronic energy levels involved, namely, S 0 and S 1 corresponding to the ground electronic state and the first excited-electronic state accessed via the → ‫ء‬ transition. Figure 3 shows the photophysical pathways that are possible following photon absorption at 250.0 and 248.8 nm. The excited complex may immediately undergo internal conversion ͑IC 1 ͒ to an excited vibrational state in S 0 , or relax as a result of collision induced vibrational relaxation ͑CIVR͒ to the ground vibration state in S 1 prior to IC 2 . Following IC, the complex will contain internal energy denoted by E int 1 and E int 2 , for these two pathways respectively. If CIVR occurs prior to IC, then the internal energy content of the complex will not be dependent on the photon energy and the desorption cross section will be wavelength independent. However, if IC occurs before significant CIVR, as might be expected in the low temperature condensed phase, the internal energy of the complex will be greater in the case of 248.8 nm photons. A larger cross section at 248.8 nm would then be expected even though the photon absorption cross section is smaller than at 250.0 nm. Given the error estimates, it is not possible at present to determine which of these mechanisms is responsible for the observed desorption. More detailed investigations will therefore be essential in fully understanding the photophysics of the desorption process.
In order to assess the astrophysical implications of the cross sections reported in Sec. III, simple kinetic models were constructed to investigate which of the mechanisms dominate the loss of H 2 O from icy mantles under different dense cloud conditions. As well as the two reported here, two further mechanisms were included in the models. The relatively long wavelength photon-stimulated process reported in the present article is most likely to play a role at the edges of dense clouds where the ISRF is not strongly attenuated. It is therefore necessary to also include the shorter wavelength photon-induced desorption of H 2 O which has been shown to have a quantum yield of ϳ10 −3 for Lyman-␣ radiation. 15 This desorption is due to the internal UV field of dense clouds and will play a role at all As far as we know, there are no direct estimates of low energy electron yields within interstellar ices. It was therefore necessary to make several approximations in order to obtain an effective electron flux for use in the models. We consider that these approximations most likely result in an underestimate of the true value. 1 MeV protons were considered as prototypical cosmic ray particles passing through the ice, the flux of which is frequently taken to be 1 proton cm −2 s −1 . 43 In order to calculate the yield of secondary electrons that results from the passage of a proton of this energy through H 2 O ice, it is necessary to obtain the stopping power. 44 This was calculated with the Stopping and Range of Ions in Matter ͑SRIM͒ software package, 45 yielding a value of 19.22 keV m −1 . It is also necessary to obtain the so-called W-value, the typical energy deposited per proton driven ionization event, in order to calculate the electron yield. The W-value is usually considered to be two to three times the ionization potential of the molecule being ionized, 46 which, for ASW, is 11 eV. 47 From these considerations, a secondary electron yield of 900 m −1 was obtained. For a typical ice mantle thickness of 100 nm, this corresponds to an effective electron flux of 90 cm −2 s −1 . Although the secondary electron yield for 1 MeV protons peaks at around 50 eV, 48 calculations have shown that the total inelastic scattering cross section for electrons in H 2 O varies by less than an order of magnitude in the range of 50-1000 eV, with ionization being the dominant scattering process. 49 The results of the present experiments at higher electron energies are therefore thought to be representative of a wide range of incident electron energies. Future experiments are planned in which electron energies below 100 eV will be utilized. However, experimental modifications are required to shield against stray magnetic fields that, at present, make the electron beam current incident at the sample unreliable at low energies.
The kinetic models were built using the Chemical Kinetics Simulator software package, 50 as previously employed in the modeling of temperature programmed desorption ͑TPD͒ measurements. 39, 51 The models consist of a series of single step processes of the form A → B, where the rate of conversion is given by
In this expression the concentration, ͓A͔, refers to that of the adsorbed species A, n is the kinetic order of the process, n is the nth order rate coefficient, E a is the activation energy, and T is the surface temperature. The kinetic parameters used are shown in Table I . It should be noted that the electron-and photon-stimulated processes are assumed to be temperature independent, as a result of their nonthermal nature. This means that the corresponding first order rate coefficient k 1 is simply the pre-exponential 1 for these processes. First order rate coefficients were calculated from the experimentally ob- tained cross sections according to the following expression:
The same rate coefficients were used for both I c and ASW, although there is some evidence for an enhancement of the nonthermal desorption of H 2 O from ASW compared to that for crystalline films. 52 Thermal desorption was included by using the zero-order kinetic parameters E a and 0 obtained by considering those previously obtained for the desorption of ASW under astrophysical conditions. 51 These have been optimized for the recently obtained H 2 O TPD experiments ͑not shown͒. The crystallization of ASW to cubic crystalline ice ͑I c ͒ as well as the thermal desorption of both ASW and I c were also included in the model.
Simulations were initially performed at a constant temperature of 10 K to consider the nonthermal desorption mechanisms in isolation. Warm-up and the associated thermal desorption were incorporated by increasing the temperature at a typical astrophysical rate of 1 K / 10 3 yr. 53 An initial ASW film H 2 O concentration of 3.4 ϫ 10 17 molecules cm −2 was used, which represents a film thickness of the order of 10 2 layers, comparable to the typical ice mantle thickness of 100 nm found around interstellar grains. Simulations were performed with A v values of 0, 2, 4, and 6 in order to assess the impact of the attenuation of the ISRF as a function of distance from the edge of a cloud toward its center. The model output provides the number of H 2 O molecules desorbed per unit area of a grain as a function of time. ture was allowed to rise at a rate of 1 K / 10 3 yr. Although thermal desorption dominates for A v values in excess of 2, this figure shows that an understanding of nonthermal desorption mechanisms is important in gaining insight into the desorption of interstellar ices, particularly in the outer regions of dense clouds. These models confirm the importance of further investigations into the two desorption mechanisms introduced in this article; the ISRF induced desorption of H 2 O resulting from an indirect-adsorbate-induced desorption process involving photon absorption by other species and the direct electron-stimulated desorption of H 2 O. While C 6 H 6 was used as the absorbing species in the photon-irradiation experiments reported here, the former mechanism is likely to apply for a wide range species found within interstellar ices. A more detailed discussion of the astrophysical implications will appear in a future publication.
It should be noted that the treatment of the indirect photon-induced desorption process is a gross simplification. In the ISM the ISRF varies as a function of wavelength and, as we have shown, so does the desorption cross section. Furthermore, the process will be dependent on the nature of the absorbing species and the concentration of these species within the H 2 O ice. Readsorption has not been included in these models. Readsorption would result in a steady state being established at constant temperature rather than complete desorption occurring. However, the simple model presented here is useful in providing some insight into the importance of the different desorption mechanisms under astrophysically relevant conditions. Further experiments will be crucial in understanding more fully the impact of these processes in an interstellar context. We are also initiating discussion with the astronomy community to further improve our models.
V. CONCLUSIONS
Cross sections for the desorption and total loss of H 2 O from an ice film as a result of two mechanisms have been measured. The first mechanism, the dynamics of which has been reported previously, is an indirect-adsorbate-mediated desorption process involving, in this case, C 6 H 6 . In this mechanism, photon absorption by the C 6 H 6 molecule leads to H 2 O desorption at wavelengths where H 2 O absorption is negligible. Although the dependence of the desorption cross section on the C 6 H 6 :H 2 O ratio has not yet been investigated, it is important to note that absorption by more complex species occurs at longer wavelengths. Indirect photodesorption is therefore likely to be an important mechanism involving other species found in interstellar ices as the ISRF is significantly more intense in the visible even to A v values as high as 50. 22 More detailed experiments investigating the photon irradiation of more realistic ice mixtures, along with concentration dependence measurements, will be crucial in fully understanding the potential impact of this mechanism in the ISM. The second mechanism involves the direct loss of H 2 O as a result of electron-stimulated desorption and reaction. Simple kinetic models, used to simulate the relevant astrophysical conditions, indicate that the ISRF induced mechanism may play an important role in the diffuse ISM, and at the edges of clouds to A v values of between 2 and 4. The electron-stimulated component results in significant desorption at all A v values and appears to be at least as efficient as the previously investigated desorption induced by the internal short wavelength UV field.
Dynamical experiments are anticipated in order that the translational temperatures of H 2 O molecules desorbed as a result of electron impact can be determined. An understanding of the partitioning of absorbed energy between desorbing species and the substrate is crucial in an environment exhibiting such low temperatures as the ISM. Further investigations into the indirect-adsorbate-mediated desorption mechanism using larger absorbing species, for example, PAHs such as naphthalene, would allow a greater understanding of the influence of the ISRF on desorption.
